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We previously showed that activation of the A1 adenosine
receptor protected the kidney against ischemia–reperfusion
injury by induction and phosphorylation of heat shock
protein 27 (HSP27). Here, we used mice that overexpress
human HSP27 (huHSP27) to determine if kidneys from these
mice were protected against injury. Proximal tubule cells
cultured from the transgenic mice had increased resistance
to peroxide-induced necrosis compared to cells from wild-
type mice. However, after renal ischemic injury, HSP27
transgenic mice had decreased renal function compared to
wild-type mice, along with increased renal expression of
mRNAs of pro-inflammatory cytokines (TNF-a, ICAM-1,
MCP-1) and increased plasma and kidney keratinocyte-
derived cytokine. Following ischemic injury, neutrophils
infiltrated the kidneys earlier in the transgenic mice. Flow
cytometric analysis of lymphocyte subsets showed that those
isolated from the kidneys of transgenic mice had increased
CD3þ , CD4þ , CD8þ , and NK1.1þ cells 3 h after injury. When
splenocytes or NK1.1þ cells were isolated from transgenic
mice and adoptively transferred into wild-type mice there
was increased renal injury. Further, depletion of lymphocytes
by splenectomy or neutralization of NK1.1þ cells resulted in
improved renal function in the transgenic mice following
reperfusion. Our study shows that induction of HSP27 in
renal tubular cells protects against necrosis in vitro, but its
systemic increase counteracts this protection by exacerbating
renal and systemic inflammation in vivo.
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Acute renal failure (ARF) is a disease characterized by high
patient morbidity and mortality.1–3 Despite considerable
research, there is no effective therapy for ARF.1 Ischemia
reperfusion injury (IRI) is the major cause of ARF and occurs
frequently due to the obligatory interruption of blood flow
and undesirable hemodynamic changes during the peri-
operative period.4–6
Our laboratory previously demonstrated that exogenous
and endogenous A1 adenosine receptor (AR) activation
protected against renal IRI in mice7,8 as well as in rats.9,10
Mechanistically, we have previously shown that A1AR
activation phosphorylates heat shock protein 27 (HSP27) in
cultured renal proximal tubule cells and chronic activation or
overexpression (OE) of A1ARs leads to upregulation of total
HSP27.11 This finding was replicated in vivo, as mice treated
with a selective A1AR agonist, 2-chloro-N
6-cyclopentylade-
nosine, before renal ischemia showed a reduction in renal
corticomedullary necrosis, apoptosis, and inflammation that
corresponded with an increase in HSP27 expression.12
HSP27 is a member of family of chaperone proteins that
are upregulated in response to increases in temperature, as
well as a wide range of cellular stresses including hypoxia,
ischemia, and exposure to toxic drugs.13–16 Increased
expression of HSP27 serves to defend a cell against injury
or death by acting as chaperones facilitating proper
polypeptide folding and aberrant protein removal.17–19
Furthermore, HSP27 is a potent antiapoptotic protein and
is a key stabilizer of the actin cytoskeleton; both of these
cellular effects lead to increased resistance against cell
death.20–22 Not surprisingly, OE of HSP27 protected against
neuronal and cardiac injury.23–25
In this study, we tested the hypothesis that mice with
global OE of HSP27 would show an increased resistance
against renal IRI. We determined in this study that although
proximal tubules cultured from huHSP27 OE mice were
protected against necrosis in vitro, huHSP27 OE mice in vivo
had paradoxically worsened renal dysfunction compared to
HSP27 wild-type (WT) mice. We subsequently tested the
hypothesis that increased renal dysfunction in huHSP27 OE
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mice is due to the increased leukocyte activation and
enhanced renal tubular inflammation after renal ischemia
reperfusion (IR).
RESULTS
Human HSP27 mRNA and protein expression in huHSP27 OE
mice
Figure 1 shows a selective human HSP27 transgene expres-
sion in huHSP27 OE mice. huHSP27 OE and WT mice
expressed equivalent mRNA and protein expression of
murine (endogenous) HSP27. However, only the huHSP27
OE mice expressed human HSP27 mRNA and protein
distinguishable due to its larger size as a hemagglutinin-
fused protein (Figure 1).
Renal proximal tubules from huHSP27 OE mice show reduced
necrosis after H2O2 injury
Treatment (6 h) with 1–5 mM hydrogen peroxide (H2O2)
caused rapid necrosis of proximal tubule cells isolated and
cultured from mice (Figure 2; N¼ 6 for each group). Renal
proximal tubules cultured from the huHSP27 OE mice
showed increased resistance against H2O2-induced necrosis
with reduced lactate dehydrogenase released when compared
to the HSP27 WT mice proximal tubules (Figure 2).
huHSP27 OE mice showed increased renal injury after IR
After 30 min of renal ischemia and 3 h reperfusion, plasma
creatinine (Cr, mg/100 ml) rose significantly in both HSP27
WT (Cr¼ 0.6±0.1, N¼ 6) and huHSP27 OE mice
(Cr¼ 1.0±0.1, N¼ 6) compared with sham-operated mice
at 3 h after surgery (Cr¼ 0.27±0.02, N¼ 6 for HSP27 WT
sham-operated mice and Cr¼ 0.33±0.03, N¼ 5 for
huHSP27 OE sham-operated mice). Plasma Cr rose even
higher at 24 h after renal ischemia in both HSP27 WT
(Cr¼ 1.5±0.2, N¼ 8) and huHSP27 OE mice
(Cr¼ 2.2±0.2, N¼ 8). However, huHSP27 OE mice showed
significantly higher rise in plasma Cr at both 3 (Po0.05) and
24 h (Po0.05) after reperfusion (Figure 3).
Because of the concerns for the potential genetic
variability associated with non-congenic strain of mice, we
bred our huHSP27 OE and HSP27 WT mice with C57BL/6
mice for three generations. From the resulting male mice, we
have performed renal IR experiments and show that the
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Figure 1 | Selective expression of human HSP27 mRNA and
protein in HSP27 OE mice. (a) Representative gel images of
semiquantitative RT-PCR results of GAPDH, human HSP27, and
mouse HSP27 mRNAs from HSP27 WT and huHSP27 OE mouse
renal cortices. (b) Representative immunoblotting images for
human HSP27 and mouse HSP27 protein expression in HSP27 WT
and huHSP27 OE mouse renal cortices. Representative images
from four experiments are shown.
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Figure 2 | LDH release after vehicle or H2O2 treatment
(0–5 mM) for 6 h in proximal tubule cells cultured from HSP27
WT or huHSP27 OE mice. *Po0.05 vs LDH released from
proximal tubules isolated from HSP27 WT mice.
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Figure 3 | Plasma creatinine (Cr in mg/100 ml) from sham-
operated mice (Sham) or mice subjected to ischemia-
reperfusion (IR). For the IR groups, plasma Cr were obtained at 3
(IR 3 h) and 24 h (IR 24 h) after reperfusion. *Po0.05 vs
appropriate sham. #Po0.05 vs HSP27 WT IR at appropriate time.
Data are presented as mean±s.e.m.
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huHSP27 OE mice backcrossed with C57BL/6 mice
(Cr¼ 3.2±0.2 mg/100 ml, N¼ 7) show increased renal
injury after 30 min renal ischemia and 24 h reperfusion
compared to the HSP27 WT mice backcrossed with C57BL/6
mice (Cr¼ 2.2±0.2 mg/100 ml, N¼ 6). Therefore, OE of
huHSP27 in mice backcrossed with C57BL/6 mice continued
to result in increased renal injury after IR. We also note that
the HSP27 WT mice backcrossed with C57BL/6 now show
similar plasma Cr compared to the C57BL/6 mice subjected
to renal IR (2.2±0.3 mg/100 ml, N¼ 6). Moreover, the
HSP27 WT and huHSP27 OE mice backcrossed with
C57BL/6 mice show higher plasma Cr compared to the
plasma Cr values of original HSP27 WT (Cr¼ 1.5±0.2 mg/
100 ml, N¼ 8) and huHSP27 OE (Cr¼ 2.2±0.2, N¼ 8) mice
before backcrossing.
Renal tubular necrosis after IR
Renal ischemia (30 min) at 37 1C caused significant renal
tubular necrosis at 3 and 24 h after IR in both HSP27 WT and
OE mice (Figure 4) as evidenced by severe tubular necrosis,
medullary congestion and hemorrhage, and development of
proteinaceous casts in all mouse kidney sections. Consistent
with plasma Cr, huHSP27 OE mice showed increased renal
tubular necrosis 3 h after renal IR compared to HSP27 WT
mice. However, HSP27 WT and huHSP27 OE mice showed a
similar degree of renal tubular necrosis after IR. The
Jablonski scale renal injury score histology grading is used
to grade renal tubular necrosis after murine renal IRI.26
Thirty min of renal ischemia and 3 h of reperfusion resulted
in greater renal injury score in huHSP27 OE mice (renal
injury score¼ 2.0±0.3, N¼ 4) when compared to HSP27
WT mice (renal injury score¼ 0.88±0.3, N¼ 4, Po0.05).
Twenty-four hour of reperfusion resulted in severe acute
tubular necrosis in both HSP27 WT mice (renal injury
score¼ 3.0±0.0, N¼ 4) and huHSP27 OE mice (renal injury
score¼ 2.8±0.4, N¼ 4).
huHSP27 OE mice show increased proinflammatory gene
expression in the kidney after renal IRI
We found significantly increased expression of intercellular
adhesion molecule-1 (ICAM-1), monocyte chemoattractive
protein-1 (MCP-1), and tumor necrosis factor-a (TNF-a)
mRNA in huHSP27 OE mice compared to the HSP27 WT
mice 3 h after renal ischemia. No significant differences in the
expression of keratinocyte-derived cytokine (KC) or macro-
phage inflammatory protein-2 (MIP-2) mRNA were found
between HSP27 WT and OE mice (Figure 5).
huHSP27 OE mice show increased early renal neutrophil
infiltration after IR
Immunohistochemical assays showed an increase in neutro-
phil infiltration in the huHSP27 OE mice relative to the
HSP27 WT mice at 3 h after renal IRI (Figure 6). At 24 h after
renal IR, polymorphonuclear infiltration was similar between
the two groups of mice. Manual counting of polymorpho-
nuclear neutrophils in hematoxylin and eosin (H&E) slides
also showed increased neutrophil infiltration in the huHSP27
OE (0.72±0.20 neutrophils/ 400 field, N¼ 4) mice relative
to the HSP27 WT mice (0.05±0.02 neutrophils/ 400 field,
N¼ 4, Po0.05) at 3 h after renal IRI.
Blood KC mRNA and protein expression and renal KC protein
expression are increased in huHSP27 OE mice
Whole-blood KC mRNA was significantly upregulated in the
huHSP27 OE mice compared to the HSP27 WT mice at
baseline and at 24 h after renal IR (Figure 7). No other
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Figure 4 | Representative of photomicrographs of four experiments (hematoxylin and eosin staining, original magnification
 200) of studies with HSP27 WT and huHSP27 OE mice. Pictures of outer medulla of the kidneys of sham-operated mice and mice
subjected to renal ischemia-reperfusion (IR) injury 3 and 24 h prior are shown.
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proinflammatory mRNA expression (ICAM-1, TNF-a,
MCP-1, MIP-2) was detectable in whole blood. With ELISA,
MCP-1 and KC plasma levels were determined 24 h after
renal IR. There were no differences in MCP-1 levels
(1519±421 pg/ml, N¼ 8 for HSP27 WT and 1544±465 pg/
ml, N¼ 8 for huHSP27 OE mice), however, plasma KC levels
increased significantly higher in the huHSP27 OE mice
(36,535±4770 pg/ml, N¼ 5) compared to the HSP27 WT
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Figure 5 | HSP27 OE mice show reduced proinflammatory mRNA expression after renal IR. (a) Representative gel images of
semiquantitative RT-PCR of mouse and human HSP27 as well as proinflammatory markers ICAM-1, KC, MCP-1, MIP-2, and TNF-a from renal
cortices of HSP27 WT and huHSP27 OE mice subjected to sham operation or to renal ischemia and 3 h reperfusion. (b) Densitometric
quantifications of relative band intensities normalized to GAPDH from RT-PCR reactions for each indicated mRNA. *Po0.05 vs appropriate
sham. #Po0.05 vs HSP27 WT IR. Error bars represent 1 s.e.m.
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mice (14,466±6950 pg/ml, N¼ 5). Moreover, baseline KC
levels were higher in the huHSP27 OE mice (538±105 pg/ml,
N¼ 6) compared to the HSP27 WT mice (139±40 pg/ml,
N¼ 6). Finally, baseline kidney KC protein expression was
significantly higher in huHSP27 OE mice (18.4±2.4 pg/mg
protein, n¼ 4, Po0.01) compared to HSP27 WT mice
(3.2±0.9 pg/mg protein, n¼ 4).
Renal apoptosis after IRI
We failed to detect significant terminal deoxynucleotidyl
transferase biotin-dUTP nick-end labeling (TUNEL)-positive
cells in kidney sections (corticomedullary junction) from
sham-operated mice (Figure 8). Mice subjected to 30 min of
renal ischemia and 24 h of reperfusion demonstrated
TUNEL-positive cells in the corticomedullary junction.
However, there were no differences in TUNEL-positive cells
between huHSP27 OE mice and HSP27 WT mice (Figure 8).
Finally, the degree of renal tubular apoptosis was also
quantified by counting the number of apoptotic bodies in
proximal tubules in the corticomedullary area of the kidney
(expressed as apoptotic bodies per tubule) on the H&E-
stained sections. A total of 25–50 tubules/field were counted
for each treatment group, and kidneys from four experiments
were examined. Renal IRI equivalently increased the number
of apoptotic bodies within the proximal tubules in both
HSP27 WT (0.22±0.1 apoptotic bodies/tubule, N¼ 4) and
huHSP27 OE mice (0.21±0.1 apoptotic bodies/tubule,
N¼ 4).
FACS analysis of lymphocyte subtype
Utilizing flow cytometry, we identified subpopulations of
leukocytes that infiltrated the kidney following renal IR in
HSP27 WT and OE mice. Flow cytometry staining of kidney
leukocytes showed increased renal trafficking of CD3, CD4,
CD8, F4/80, Ly-6G, and NK1.1þ cells in both HSP27 WT
and huHSP27 OE mice 3 h after renal IRI. However,
significantly higher number of leukocytes infiltrated the
kidneys in huHSP27 OE mice (Figure 9).
Transfer of splenocytes or NK1.1þ cells from huHSP27 OE
mice increases renal IRI in HSP27 WT mice
The adoptive transfer of splenocytes (Cr¼ 2.1±0.2, N¼ 6)
or NK1.1± cells (Cr¼ 2.1±0.1, N¼ 6) isolated from
huHSP27 OE mice increased renal injury at 24 h in HSP27
WT mice (Figure 10). When the splenocytes (Cr¼ 1.2±0.2,
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Figure 6 | Representative of photomicrographs of four experiments of immunohistochemistry for neutrophils (original
magnification  200) of the outer medulla of the kidneys of HSP27 WT and huHSP27 OE mice subjected to sham operation or to
renal ischemia and 3 or 24 h reperfusion.
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Figure 7 | Representative gel images of semiquantitative
RT-PCR of whole-blood KC of HSP27 WT and huHSP27 OE
mice subjected to sham operation or to renal ischemia and
24 h reperfusion.
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N¼ 5) or the NK1.1þ cells (Cr¼ 1.6±0.3, N¼ 6) from
HSP27 WT mice were given to the HSP27 WT mice, there
were no increases in renal injury (Figure 10).
Depletion of NK1.1þ cells or splenectomy unmasks the
protective phenotype of HSP27 after renal IR in mice
Figure 11 shows our ability to deplete NK1.1þ cells
selectively in mice. Mice were injected with either NK1.1
antibody (PK136, 500 mg/mouse) or isotype control (mouse
IgG2a). After 24 h, spleen and blood leukocytes were isolated
and subjected to fluorescence-activated cell sorting (FACS).
Our PK136 antibody selectively depleted NK1.1þ cells in
blood (Figure 11, representative of three independent
experiments) and spleen (not shown) without effecting
CD3þ T cells.
huHSP27 OE mice subjected to renal IRI after splenect-
omy (Cr¼ 0.9±0.1, N¼ 8) or NK1.1þ cell depletion
(Cr¼ 0.7±0.2, N¼ 6) were significantly protected against
renal IRI compared to the HSP27 WT (Cr¼ 1.5±0.2, N¼ 8)
or non-depleted huHSP27 OE mice at 24 h (Cr¼ 2.2±0.2,
N¼ 8; Figure 12). However, HSP27 WT mice failed to
improve their renal function after splenectomy
(Cr¼ 1.8±0.2, N¼ 7) or NK1.1þ cell depletion
(Cr¼ 1.3±0.3, N¼ 6). Moreover, NK1.1þ neutralizing
antibody treatment led to significant protection against renal
tubular necrosis in huHSP27 OE mice (renal injury
score¼ 1.3±0.4, N¼ 4; Figure 13a) compared to HSP27
WT mice treated with NK1.1þ neutralizing antibody (renal
injury score¼ 2.3±0.4, N¼ 4). huHSP27 OE mice pre-
Table 1 | Primers used to amplify cDNAs encoding mouse or human HSP27, mouse GAPDH, and proinflammatory cytokines
based on published GenBank sequences for mice
Primer Accession number Sequence (sense, antisense) Product size (bp) Cycle number Annealing T (1C)
Mouse HSP27 NM_024441 50-CCTAAGGTCTGGCATGGTA-30
50-AGGAAGCTCGTTGTTGAAGC-30
373 26 66
Human HSP27 NM_001540 50-GTCCCTGGATGTCAACCAC-30
50-GACTGGGATGGTGATCTCG-30
259 21 66
Mouse KC J04596 50-CAATGAGCTGCGCTGTCAGTG-30
50-CTTGGGGACACCTTTTAGCATC-30
203 23 60
Mouse MIP-2 X53798 50-CCAAGGGTTGACTTCAAGAAC-30
50-AGCGAGGCACATCAGGTACG-30
282 22 60
Mouse ICAM-1 X52264 50-TGTTTCCTGCCTCTGAAGC-30
50-CTTCGTTTGTGATCCTCCG-30
409 21 60
Mouse TNF-a X02611 50-CCTCAGCCTCTTCTCCTTCCT-30
50-GGTGTGGGTGAGGAGCA-30
290 24 65
Mouse MCP-1 NM_011333 50-ACCACAGTCCATGCCATCAC-30
50-CACCACCCTGTTGCTGTAGCC-30
312 22 60
Mouse GAPDH M32599 50-ACCACAGTCCATGCCATCAC-30
50-CACCACCCTGTTGCTGTAGCC-30
450 15 65
ICAM-1, intercellular adhesion molecule-1; KC, keratinocyte-derived chemokine; MCP-1, monocyte chemoattractant protein 1; MIP-2, macrophage inflammatory protein 2;
TNF-a, tumor necrosis factor-a.
Respective anticipated RT-PCR product size, PCR cycle number for linear amplification, and annealing temperatures used for each primer are also provided.
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Figure 8 | Representative fluorescent photomicrographs of
kidney sections from identical fields illustrate apoptotic
nuclei (TUNEL fluorescent stain). HSP27 WT and huHSP27 OE
mice were subjected to sham operation or to renal ischemia and
24 h reperfusion. Representative of six independent experiments.
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Figure 9 | Kidney lymphocyte subtype (CD3, CD4, CD8, and
NK1.1), macrophage (F4/80), and neutrophil (LY-6G) content
after renal IR injury in HSP27 WT (white bars) and huHSP27
OE mice (black bars). Kidney leukocyte subtype content in mice
3 h after reperfusion was quantified using flow cytometry. Values
are expressed as percent HSP27 WT mice subjected to IR. *Po0.05
vs HSP27 WT IR. Error bars represent 1 s.e.m.
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treated with NK1.1þ neutralizing antibody also showed
reduced neutrophil infiltration compared to the HSP27 WT
mice pretreated with NK1.1þ antibody (Figure 13b).
Manual counting of polymorphonuclear cells in H&E slides
also showed reduced neutrophil infiltration in the huHSP27
OE mice treated with NK1.1þ antibody (0.87±1 neutro-
phils/ 400 field, N¼ 4) relative to the HSP27 WT mice
treated with NK1.1þ antibody (33±9 neutrophils/ 400
field, N¼ 4, Po0.001) at 24 h after renal IRI. Similar
protection against renal tubular damage and neutrophil
infiltration was observed in splenectomized huHSP27 OE
mice (data not shown).
DISCUSSION
The major findings of this study are that (1) isolated
proximal tubules from huHSP27 OE mice were protected
against H2O2-induced necrosis compared to the proximal
tubules isolated from HSP27 WT mice; (2) in contrast,
huHSP27 OE mice showed worse renal function, increased
renal tubular inflammation (early leukocyte influx and renal
proinflammatory mRNA expression), and exacerbated early
renal tubular necrosis after renal IRI in vivo; (3) huHSP27 OE
mice showed increased plasma KC levels at baseline and 24 h
after renal IRI; (4) huHSP27 OE mice had increased renal KC
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Figure 10 | Plasma creatinine (Cr in mg/100 ml) from HSP27
WT and huHSP27 OE mice subjected to 30 min renal ischemia
and 24 h reperfusion. Some HSP27 WT mice were injected
with huHSP27 OE splenocytes or NK1.1þ cells before renal
ischemia. *Po0.05 vs HSP27 WT 24 h IR. Data are presented as
mean±s.e.m.
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Figure 11 | Representative FACS analysis of CD3þ lymphocytes and NK1.1þ lymphocytes in blood of HSP27 WT mice 24 h after
treatment with either NK1.1þ neutralizing antibody (PK136) or with isotype control.
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protein expression; (5) adoptive transfer of NK1. 1þ cells or
splenocytes isolated from huHSP27 OE mice exacerbated
renal injury in HSP27 WT mice; and (6) depletion of
NK1.1þ cells or splenectomy unmasked the protective
effects of HSP27 OE against renal IRI in mice.
Renal IRI is the leading cause of ARF in hospitalized
patients.1,27 Moreover, the mortality and morbidity of
perioperative ARF are very high and remain virtually
unchanged for the past 40 years.3,28 We have demonstrated
in our earlier studies that activation of renal A1ARs produced
renal protection in vivo as well as in vitro.7,8,11,29 The
mechanisms of renal protection with A1AR activation are
mediated at least in part by phosphorylation as well as
upregulation of HSP27 protein expression.11,12 Transient
activation of renal tubular A1ARs led to phosphorylation of
HSP27 whereas OE or chronic stimulation of A1ARs led to
upregulation of HSP27. To the best of our knowledge,
modulation of HSP27 expression on renal function after IRI
in vivo has never been studied previously.
HSP27 is generally regarded as a cytoprotective protein
and is well known to attenuate apoptosis, stabilize cytoske-
letal architecture, and decrease necrotic cell death.19,22,30 It is
well established that HSP27 phosphorylation or upregulation
improves cell survival against stress or injury.14,30 These
principles as well as our previous findings led us to
hypothesize that huHSP27 OE mice would show improved
renal tubular survival against necrotic injury in vitro and
better renal function after IRI in vivo. As we expected, the
proximal tubule cells cultured from huHSP27 OE mice
showed increased resistance against H2O2-induced necrosis
compared to the cells cultured from HSP27 WT mice.
However, we unexpectedly demonstrated that the huHSP27
OE mice showed enhanced renal IRI with a heightened
inflammatory response (earlier intrarenal leukocyte (for
example, neutrophils, lymphocytes) infiltration, increased
renal tubular proinflammatory mRNA expression, and higher
plasma and kidney KC levels) after renal IRI. We also show
enhanced renal necrosis early (3 h after reperfusion) after IR.
Therefore, although HSP27 expression in renal proximal
tubules is associated with increased resistance against necrosis
in vitro, systemic HSP27 OE led to increased systemic and
renal tubular inflammation in these mice, leading to
worsened renal injury after IR in vivo.
Although HSP27 expression is usually associated with
increased tolerance against cell death and injury, HSP27 may
also orchestrate physiological events that increase immune
cell-mediated cytotoxicity. For instance, HSP27 phosphor-
ylation enhances neutrophil chemotaxis and function.31
Furthermore, a cytoplasmic OE of HSP25, a murine form
of HSP27, increases natural killer (NK) cell-mediated lysis in
a murine melanoma model.32 In addition, OE of HSP27 in a
breast cancer cell line increases T-cell-mediated cytolysis.33 In
HeLa cells, HSP27 is required for proinflammatory cell
signaling and the expression of proinflammatory genes.34 In
this study, we also showed increased inflammatory changes in
huHSP27 OE mice leading to worse renal dysfunction after in
vivo renal IRI. Our study also suggests that exogenous
proinflammatory signaling distant to the organ or site of
injury is important in regulating injury as increased
inflammatory response overrides the protective effects of
renal tubule HSP27 overexpression. We propose that
HS
P2
7 W
T 2
4 h
 IR
HS
P2
7 O
E 2
4 h
 IR
HS
P2
7 W
T 2
4 h
 NK
 
AB
 
IR
HS
P2
7 O
E 2
4 h
 NK
 AB
 IR
HS
P2
7 W
T 2
4 h
 sp
len
ec
tom
y I
R
HS
P2
7 O
E 2
4 h
 sp
len
ect
om
y I
R
0.0
0.5
1.0
1.5
2.0
2.5
*
#
#**
Pl
a
sm
a
 
Cr
 
(m
g/1
00
 m
l)
Figure 12 | Plasma creatinine (Cr in mg/100 ml) from HSP27
WT and huHSP27 OE mice subjected to 30 min renal ischemia
and 24 h reperfusion. Some HSP27 WT and OE mice were
injected with NK1.1þ neutralizing antibody (NK AB) or were
splenectomized before renal ischemia. *Po0.05 vs appropriate
HSP27 WT 24 h IR. #Po0.05 vs huHSP27 OE 24 h IR. Data are
presented as mean±s.e.m.
H&E
PMN IHC
HSP27 WT + NK antibody HSP27 OE + NK antibody
Figure 13 | NK1.1þ neutralizing antibody decreases renal
necrosis and PMN infiltration. (a) Representative
photomicrographs (hematoxylin and eosin staining, original
magnification  200) from studies with HSP27 WT and huHSP27
OE mice injected with NK1.1þ neutralizing antibody. Pictures of
outer medulla of the kidneys of sham-operated mice and mice
subjected to renal ischemia-reperfusion (IR) injury 24 h prior are
shown. (b) Representative photomicrographs of
immunohistochemistry for neutrophils (original magnification
 200) of the outer medulla of the kidneys of HSP27 WT and
huHSP27 OE mice injected with NK1.1þ neutralizing antibody
and subjected to renal ischemia and 24 h reperfusion.
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although the antiapoptotic and anti-necrotic effects of HSP27
on the renal tubules promote direct cellular protection, the
enhanced systemic inflammation of huHSP27 OE mice
promotes the exacerbation of immune-mediated renal tubule
injury after IR.
With regard to the previous studies involving huHSP27 OE
mice, Hollander et al.23 demonstrated that OE of HSP27
protected against cardiac IRI evidenced by reduced release of Cr
kinase, lipid peroxidation, and myocyte protein oxidation.
Similar results were obtained by Efthymiou et al.35 utilizing the
same strain of huHSP27 OE transgenic mice utilized in this
study. In these previous studies, an isolated Langendorff-
perfused heart IR model was utilized. Therefore, the effects of
circulating inflammatory cells in cardiac IRI could not be tested.
It remains to be determined whether the cardiac protection
persists in intact, whole animal models of cardiac IRI.
Neutrophils, macrophages, and lymphocytes have impor-
tant functions in initiating and propagating inflammation
after renal IR.4,36,37 In this study, we showed that huHSP27
OE mice had increased early (3 h) neutrophil infiltration after
renal IR. The appearance of neutrophils as well as macro-
phages mediates antigen-independent mechanisms of tissue
damage due to innate immunity activation.38–41 Neutrophil
infiltration begins early, within hours after the initiation of
reperfusion and peaks at B24 h after reperfusion. However,
although renal neutrophil infiltration after IRI is a well-
known phenomenon, the direct role of neutrophils in
promoting the pathogenesis of renal IRI has been contro-
versial. Some studies report a beneficial effect of neutrophil
neutralization/blockade whereas other studies showed no
effects.36,38,40,42,43 Our study showed that the huHSP27 OE
mice had an early increase in neutrophil infiltration (3 h) as
well as worsened renal injury after IR show. Therefore, we
conclude that neutrophil infiltration after renal IR does
directly contribute to increased renal injury after IR and that
neutrophil-mediated renal injury may outweigh the cyto-
protective effects of renal tubular HSP27 OE.
We detected increased T lymphocyte as well as NK1.1þ
cell infiltration in huHSP27 OE mice compared to HSP27
WT mice 3 h after renal IR. The pathophysiological role of
NK1.1þ cells and T lymphocytes in initiating liver and
cardiac IRI has been described.37,44,45 In the kidney, NK1.1þ
cells as well as T cells have important functions in the
pathogenesis of IRI.44,46,47 When the mice were splenecto-
mized (to deplete circulating lymphocytes) or treated with a
neutralizing NK1.1þ antibody, less renal injury occurred in
the huHSP27 OE mice. In fact, after splenectomy and
NK1.1þ cell depletion, huHSP27 OE mice had significantly
better renal function compared to the splenectomized or
NK1.1þ cell-depleted HSP27 WT mice. These findings
further support the hypothesis that huHSP27 OE mice have
exacerbated inflammatory response after renal IR and
depletion of key cellular components of the inflammatory
response uncovers the protective phenotype of systemic
HSP27 OE. Surprisingly, depletion of NK1.1þ cells or
splenectomy failed to protect HSP27 WT mice against renal
IRI. This finding contrasts with the study by Li et al.48 where
NK1.1 cell depletion using the same antibody as in this study
provided profound protection against renal IR. Our study
suggests that the NK1.1 cells are important in generating
renal injury only in huHSP27 OE mice. The reason for this
discrepancy is not clear. Strain differences may explain this
discrepancy as Li et al. used a C57BL/6 strain whereas we
used mice with a C57BL/10 and CBA/Ca background.
The role of increased inflammation after renal IR causing
worsened renal dysfunction in huHSP27 OE mice is further
corroborated by our adoptive cellular transfer studies. HSP27
WT mice infused with splenocytes or NK1.1þ cells isolated
from huHSP27 OE (but not from HSP27 WT) mice showed
increased renal injury. These data further support our
conclusion that the increased renal dysfunction in huHSP27
OE mice after IR is due to the enhanced inflammatory and
immune-mediated renal injury.
One of the limitations of this study is that we do not
conclusively identify the specific leukocyte subtype(s) respon-
sible for the exacerbated renal injury in huHSP27 mice after
renal IR. We implicate one of the cell types involved as NK1.1
cells as we show increased renal injury in HSP27 WT infused
with huHSP27 OE NK1.1 cells. However, we cannot rule out the
heightened proinflammatory role of other leukocytes such as
macrophages and T cells in huHSP27 OE mice as these cell
types have also been shown to be important in renal IRI.
Identifying the specific role of T lymphocytes and/or macro-
phages in creating the enhanced proinflammatory phenotype in
huHSP27 remains to be investigated.
We also demonstrated that huHSP27 OE mice had
increased expression of whole-blood KC mRNA and protein
expression at baseline and after renal IR. Moreover, we
demonstrate increased renal KC protein expression in
huHSP27 mice. It is unclear as to why overexpression of
systemic HSP27 would lead to upregulation of kidney and
blood KC expression in mice. Nevertheless, we propose that
increased renal KC production may account for the
differences in renal neutrophil infiltration after IR. Although
the rodents lack a homologue of human IL-8, KC is one of
the two murine IL-8-like CXC cytokines that acts through
CXCR2 and functions as granulocyte chemoattractant similar
to the function of IL-8.41,49 KC is a well known and major
chemoattractant for neutrophils that subsequently cause
tissue and cellular damage after injury and inflammation.41
In a rat model of cold ischemia followed by kidney
transplantation, inhibition of the chemokine receptor CXCR2
reduced kidney graft failure due to ischemia/reperfusion.50
KC is also important in initiating injury in other diseases
associated with increased inflammation. Frink et al.51
demonstrated that administration of the anti-KC antibody
before trauma and hemorrhage in mice prevented increases
in KC plasma levels, which was accompanied by amelioration
of neutrophil infiltration and edema formation in lung and
liver after trauma and hemorrhage.
We have previously demonstrated that A1AR agonists or
OE of A1ARs produced renal protection in vivo as well as
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protection against renal tubule cell death in vitro through
increases in renal tubular HSP27 expression.7,8,11,29 There-
fore, unlike HSP27, systemic A1AR activation produces both
in vivo and in vitro renal protection. We have performed pilot
studies and determined that A1AR activation failed to
upregulate HSP27 in two leukocyte cell lines (Jurkat
lymphocyte cell line, RAW 263.7 macrophage cell line, data
not shown). Therefore, we speculate that a selective
upregulation of renal HSP27 with A1AR activation leads to
renal protection whereas global HSP27 OE leads to increased
renal injury after IR due to increased leukocyte activation and
KC overproduction.
Although significant efforts had been made to maintain a
constant hybrid background, because of the concerns for the
potential genetic variability associated with non-congenic
strain of mice, we bred our huHSP27 OE and HSP27 WT
mice with C57BL/6 mice for three generations. We showed
OE of huHSP27 in mice backcrossed with C57BL/6 mice
continued to result in increased renal injury after IR.
Therefore, although strain differences do have an important
function in renal IR injury, global OE of human HSP27
protein led to increased renal injury after IR before and after
backcrossing with the C57BL/6 strain.
In summary, we demonstrate in this study that global OE
of HSP27 does not confer protection after renal IRI. In
contrast to what we hypothesized and what others have
reported in cardiac and neuronal injury studies, OE of HSP27
in vivo led to increased renal injury after IR. HSP27 does
serve to protect the renal proximal tubules from necrosis in
vitro but its protective effects are counteracted by increased
immune-mediated renal tubular injury after IR. Future
studies will compare the direct cytotoxicity profiles of
NK1.1þ cells and lymphocytes between HSP27 WT and
huHSP27 OE mice.
MATERIALS AND METHODS
Mice
Heterozygous breeder pairs of mice overexpressing (OE) human
HSP27 were generated as described previously.52 huHSP27 OE
transgenic mice overexpress human HSP27 tagged with hemagglu-
tinin to track the expression of the transgene. The generation and
initial characterization of the huHSP27 OE and WT mice with a
C57BL/10 and CBA/Ca background has been described previously.52
Heterozygous HSP27 transgenic mice were bred and resulting male
littermates (huHSP27 OE or HSP27 WT mice) were used in the
subsequent studies. We performed tail DNA PCR genotyping as well
as human HSP27 RT–PCR from the RNAs extracted on every mouse
studied using primers that distinguish human from mouse HSP27.
In preliminary studies, we also confirmed human HSP27 protein
overexpression with immunoblotting for mouse and human form of
HSP27 (Santa Cruz Biotechnologies, CA) as described pre-
viously.11,53 We also purchased C57BL/6 mice (Harlan Laboratories,
Indianapolis, IN) to breed with huHSP27 OE and HSP27 WT mice.
Primary culture of renal proximal tubules
Proximal tubules from male HSP27 WT and huHSP27 OE mice
were enriched using the methods of Vinay et al.54 and cultured in
50:50 mix of Dulbecco’s modified Eagle’s medium high glucose and
F12 plus 5% fetal bovine serum (FBS).
Induction of necrosis in cultured mouse renal proximal
tubules
After 24 h deprivation of FBS, primary cultures of renal proximal
tubules isolated from HSP27 WT and huHSP27 OE mice were
treated with 1–5 mM H2O2 for 0–6 h to induce necrosis. We
determined in preliminary studies that the ability of H2O2 to kill
renal tubule cells is dose and time related. Our preliminary studies
also showed that high-dose (1–5 mM) treatment with H2O2 for 1–6 h
causes negligible apoptosis (data not shown).
Renal ischemia-reperfusion injury
After Columbia University IACUC approval, adult (25–30 g)
male huHSP27 OE mice and their littermate control HSP27 WT
mice were anesthetized with an intraperitoneal injection of
pentobarbital (50 mg/kg or to effect), and placed supine on a
heating pad under a warming light to maintain body temperature at
37 1C. Additional pentobarbital was given as needed based on the
mouse’s response to a tail pinch. Bilateral flank incisions were made
and following right nephrectomy, a microaneurysm clip occluded
the left renal pedicle (artery and vein) for 30 min. Ischemia (30 min)
was chosen as previous studies have shown that this length of
ischemic injury minimizes mortality whereas maximizing reprodu-
cible IRI mice.7,8 After 30 min, the microaneurysm clip was
removed, 0.5 cc of saline was given intraperitoneally, the wounds
closed in two layers and animals were allowed to awaken from
anesthesia. The sham mice were subjected to anesthesia and right
nephrectomy only.
Adoptive transfer of splenocytes or NK1.1þ cells
huHSP27 OE or WT spleens were crushed, splenocytes were passed
through a nylon cell strainer (BD Biosciences, San Jose, CA) and
collected in phosphate-buffered saline. Red blood cells were lyzed and
single-cell splenocyte suspensions from huHSP27 OE or WT mice
were transferred intravenously (6 106 to 1 107 splenocytes per
transfer, 200ml) to the HSP27 WT mice. NK1.1þ lymphocytes were
isolated utilizing SpinSep murine NK cell enrichment kit (StemCell
Technologies, Vancouver, Canada, BC), resulting in 490% pure
NK1.1þ cells. To confirm NK1.1þ phenotype and purity of isolated
cells, column-purified cells were stained for 30 min with fluorescein
isothiocyanate-conjugated anti-mouse NK1.1 (PK136; eBioscience,
San Diego, CA) and analyzed with Quanta FACS (Beckman Coulter,
Fullerton, CA). Purified NK1.1þ cells isolated from HSP27 WT or
huHSP27 OE mice were injected intravenously (1–1.2 106 NK1.1þ
cells per transfer, 200ml) to HSP27 WT mice. The recipient HSP27 WT
mice were subjected to renal IR 24 h later.
NK1.1þ cell depletion and splenectomy
NK cells were depleted by injecting each mouse with 500 mg rabbit
anti-mouse NK1.1þ antibody (eBioscience) intravenously 24 h
before renal ischemia. Splenectomized mice had their spleens
removed 15 min before renal ischemia.
Assessment of renal function after ischemia-reperfusion
injury
Renal function was assessed by measurement of plasma Cr 3 or 24 h
after renal ischemia by a colorimetric method based on the Jaffe
reaction.55
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Histological examinations to detect necrosis and apoptosis
Histological examinations to detect necrosis and apoptosis were
performed as described previously.7,8 Morphological assessment was
performed by an experienced renal pathologist (VDD), who was
unaware of the treatment each animal had received. An established
grading scale (renal injury scores of 0–4) for assessment of necrotic
injury to the proximal tubules was used for the histopathological
assessment of IR-induced damage (3 and 24 h after IR), as outlined
by Jablonski et al.26 Renal tubular apoptosis was assessed by
counting the number of apoptotic bodies in proximal tubules in the
outer stripe of the corticomedullary junction (expressed as mean
number of apoptotic bodies per tubule). This area is the most
severely injured area after renal IRI. At least 25–30 tubules were
counted per field and six fields were examined per slide.
Assessment of renal apoptosis with TUNEL Staining
We used TUNEL staining to detect DNA fragmentation in apoptosis
24 h after renal injury. In situ labeling of fragmented DNA was
performed with TUNEL staining (green fluorescence) with a
commercially available in situ cell death detection kit (Roche,
Indianapolis, IN), according to the manufacturer’s instructions.
Assessment of renal inflammation
Renal inflammation after IRI was determined with (1) detection of
neutrophil infiltration with immunohistochemistry 3 and 24 h after
renal IR; (2) measurements of mRNA encoding markers of
inflammation (Table 1),8 including KC, ICAM-1, MCP-1, MIP-2,
and TNF-a; and (3) immunophenotyping of T lymphocyte (CD3þ ,
CD4þ , CD8þ ), NK1.1þ lymphocyte (PK136), macrophage (F4/
80), and neutrophil (LY-6G) influx into the kidneys after IR with
flow cytometry.
Neutrophil immunohistochemistry
Neutrophil immunohistochemistry was performed as described
previously7,8 with a monoclonal antibody raised against Ly-6G
(551459; BD Biosciences). A primary antibody that recognized IgG2b
(MCA691XZ; Serotec, Raleigh, NC) was used as a negative isotype
control in all experiments. Intrarenal neutrophil infiltration was also
quantified by manual counting of polymorphonuclear cells in H&E
slides by a renal pathologist who was blinded to the treatment
groups. Neutrophils were quantified in 10 randomly chosen
microscope fields (magnification  400) in the corticomedullary
junction, and results were expressed as neutrophils counted per
 400 HPF.
Semiquantitative reverse transcription-PCR assay
Semiquantitative reverse transcription-PCR assay for proinflamma-
tory mRNAs was performed as described previously.11,56,57
Isolation of lymphocytes from mouse kidney and flow
cytometry analyses of leukocyte subtypes
Flow cytometric analysis was performed with a Quanta SC flow
cytometer (Beckman Coulter, Miami, FL) to analyze the whole-
kidney leukocyte content as described previously.58 These studies
assessed kidney content of T cell (CD3, CD4, and CD8), NK cells
(PK136), macrophages (F4/80), and neutrophils (Ly-6G) in
huHSP27 OE or WT mice subjected to 30 min renal ischemia and
3 h reperfusion. In brief, kidney was extracted, minced, thoroughly
crushed, and then passed through a 50-mm mesh prewetted with
phosphate-buffered saline containing 10% FBS. The kidney cell
suspension was diluted with phosphate-buffered saline containing
10% FBS and carefully layered on an equal volume of Histopaque-
1083 (Sigma, St Louis, MO) to isolate mononuclear cells. Samples
were centrifuged at 400 g for 30 min at room temperature. The pellet
from this spin was processed to detect neutrophils. The mono-
nuclear cell interface containing lymphocytes and macrophages was
collected, washed twice with phosphate-buffered saline with 10%
FBS, and pelleted. The mononuclear cells recovered from the mouse
kidney (105 cells in a volume of 100 ml) were preincubated with an
anti-mouse CD16/32 (2.4G2) antibody for 10 min to block
nonspecific antibody binding. Samples were then incubated with
different combinations of antibodies (for example,
CD45þCD3þ 7AAD, CD3þCD4þ 7AAD) for 20 min at room
temperature. Flow cytometry was conducted under conditions to
eliminate the interference of nonspecific staining by dead and non-
leukocyte (for example, renal) cells. For discrimination of viable and
dead cells, samples were stained with 7-AAD for 5 min at room
temperature. Anti-mouse CD45 was used to determine the total
leukocyte cell number. Kidney leukocyte infiltrations were expressed
as percent of HSP27 WT mice subjected to renal IR.
Antibodies for FACS
Purified rat IgG2a (clone YTH71.3) was purchased from Serotec
(Oxford, UK). Anti-CD3e (clone 145–2C11), anti-F4/80 (clone
BM8), anti-Ly-6G (Gr-1), anti-CD45 (clone 30-F11) were purchased
from eBioscience. Anti-NK1.1 (LY-55; clone PK136), anti-CD4/
L3T4 (clone GK1.5), and anti-CD8a/Lyt-2 (clone 53–6.7) were
obtained from Beckman Coulter.
Measurement of plasma cytokines by ELISA
Murine plasma MCP-1 (eBioscience) and KC (R&D Systems,
Minneapolis, MN) concentrations were measured using commercially
available ELISA kits according to the manufacturer’s instructions from
sham-operated mice and mice subjected to renal IR 24 h before.
Statistical analysis
The data were analyzed with t-test when means between two groups
were compared or with one-way (for example, plasma Cr) ANOVA
plus Tukey’s post hoc multiple comparison test to compare mean
values across multiple treatment groups. The ordinal values of the
Jablonski scale were analyzed by the Kruskal–Wallis nonparametric
test with Dunn’s post-test comparison among groups. In all cases,
Po0.05 was taken to indicate significance. All data are expressed as
mean±s.e.m.
Reagents
Unless otherwise specified, all chemicals were obtained from Sigma.
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